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a b s t r a c t
The aim of this paper is to investigate the influence of physico-chemical parameters on liquid–liquid
dispersion at high dispersed phase concentration in Sulzer SMVTM mixer. Four different oil-in-water
systems involving two different surfactants are used in order to evaluate the effect of interfacial
tension, densities and viscosities ratio on mean droplets size diameters. Moreover the influence of the
dispersed phase concentration on the pressure drop as well as on the droplet size distribution is
investigated. Two different droplets size distribution analysis techniques are used in order to compare
the resulting Sauter mean diameters. The comparison between residence time in the mixer and
surfactants adsorption kinetics leads to take into account the evolution of the interfacial tension
between both phases at short times. Finally experimental results are correlated as a function of
dimensionless Reynolds and Weber numbers.
1. Introduction
Liquid–liquid dispersions are often found in the process indus-
try. They can take part to processes like liquid–liquid extraction, or
reactions involving an emulsification step. They can also constitute
consumable products such as in the food, cosmetic or drug industry.
In both cases it is important to control the droplet size distribution
and the mean diameter that could determine the final properties of
the product.
Static mixers consist of a series of identical motionless ele-
ments inserted in a pipe, column or reactor. They redistribute the
fluid in directions transverse to the main flow. The only energy
cost depends on the power required for pumping. Generally, static
mixers offer small space requirement, low equipment cost, short
residence time and few maintenance constraints compared to
other equipments. Even if they can be incorporated in pump-
around loops in batch or semi-batch processes, this kind of device
is naturally well adapted for continuous processes.
There is a wide variety of static mixers that are optimized for
specific applications. Different designs are proposed depending on the
flow regime and the applications. In their review Thakur et al. (2003)
listed the principal commercial static mixer designs and their
different industrial applications including mixing of miscible fluids,
thermal transfer and homogenization, and interface generation
between two immiscible phases.
In the literature liquid–liquid dispersion in turbulent flows has
been studied by many authors with different static mixer designs.
The main encountered designs are the Kenics mixer (Middleman,
1974; Berkman and Calabrese, 1988; Lemenand et al., 2001, 2003,
2005; Yamamoto et al., 2007) and the SMXTM Sulzer mixer (Streiff,
1977; Streiff et al., 1997; Hirschberg et al., 2009; Theron et al., 2010;
Theron and Le Sauze, 2011). Other mixers can be encountered but
they are less documented and their use remains uncommon.
Most of the publications deal with dispersed phase concentra-
tions lower than 0.25 (Middleman, 1974; Streiff, 1977; Matsumura
et al., 1981; Al Taweel and Walker, 1983; Berkman and Calabrese,
1988; Al Taweel and Chen, 1996; Streiff et al., 1997; Legrand et al.,
2001; Lemenand et al., 2001, 2003, 2005; Hirschberg et al., 2009;
Theron et al., 2010). The effect of the dispersed phase ratio is never
clearly studied except by Yamamoto et al. (2007) who worked on
water-in-oil emulsions with a dispersed phase concentration ran-
ging from 0.02 to 0.74, and did not point out an effect of the
dispersed phase concentration on the droplets size distribution.
Nowadays, the need to control continuous or batch processes
has become more and more important. That is why on-line
analysis measurements have been developed in addition to
classical off-line ones. Among the parameters requiring controlling
the mean droplets size measurement can be cited. The different
techniques are based on optical visualisation, laser diffraction or
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acoustic principles. The technique can be chosen according to the
physical properties of the system, the complexity of installation
and the excepted results.
The advantages and drawbacks of the on-line droplet size
analysis techniques are detailed in Table 1.
The SMVTM static mixer has been created in 1970 by the Sulzer
Company. It consists of a stack of corrugated plates with a ‘‘V’’
shape. It is well known to perform gas–liquid and liquid–liquid
dispersion for mass transfer, reaction or mixing and homogenisa-
tion of gas or liquid of low viscosity in turbulent flow. Curiously
there is a lack of available information about liquid–liquid
dispersion in Sulzer SMV static mixer. The only authors who
reported emulsification’s experiments in this type of mixers are
Streiff (1977) and Streiff et al. (1997). Thus, the aim of this paper
is to investigate the ability of this mixer to perform turbulent
liquid–liquid dispersion, and especially at high dispersed phase
concentration (F¼0.25–0.60 in volume).
Four Water/Surfactant/Oil systems are chosen. The first part of
this study deals with analysing the stability of emulsions obtained,
and with comparing droplet size distributions obtained with two
different techniques. These techniques are a classical off-line one
based on laser diffraction and an on-linemeasurement based on light
backscattering. Then the pressure drop is quantified for high Reynolds
numbers for the different liquid–liquid systems, at same dispersed
phase concentration. For the Water/PVA/Toluene system, the effect of
the dispersed phase concentration on the pressure drop is evaluated.
The effects of different parameters (dispersed phase concentration F,
flowrate and physico-chemical parameters) on the droplet size
distribution are examined. Then the results are correlated in terms
of Sauter mean diameter d32 as a function of the mean energy
dissipation rate and as a function of dimensionless numbers taking
into account hydrodynamic and physico-chemical parameters.
The residence time in the static mixer is really short compared
to the adsorption kinetics of the surfactants used to stabilize the
droplets interface and to reach lower droplets sizes. A special
attention is paid to the evolution of the interfacial tension value at
short times.
2. Materials and methods
2.1. Fluids
Four different Water/Surfactant/Oil systems are used in
order to evaluate the influence of physico-chemical parameters
on the emulsification performances: Water/Tween80/Cyclohexane,
Water/Tween80/Toluene, Water/PVA/Toluene and Water-Glycerol
(25% weight)/PVA/Toluene. Cyclohexane was purchased from Acros
Table 1
Comparison between different on-line droplets size measurement techniques.
On-line Analysis technique Experimental apparatus Advantages Drawbacks
Laser-induced fluorescence
(Lan et al., 2006)
– Laser and optical system
– Digital imaging system
– Liquid–liquid flow system
– Measurement of in situ phase
volume fraction, drop size, drop
size distribution
– Non intrusive
– High dispersed phase ratio
(up to 77% vol.)
– Fluorescent dye in the aqueous phase
– Lab scale technique
– Refractive index between the two phases
PVM (particle vision and
measurement) Lasentec
In situ video microscopy
(O’Rourke and
MacLoughlin, 2005)
– 10 images per second
– Probe, light from 6 independent
laser sources, region of illumination
2 mm2, lensing system, CCD array
– In situ measurement – 3 min to acquire the large number of images
necessary for representative measurements :
unsuitable for monitoring very rapid changes
in size distribution
Optical methods – Endoscope: short focal distance,
covering tube to guarantee the
optical transparency between the
lens and the focus, fibber optic light
guide, CCD camera and software for
visualisation (Ritter and Kraume,
2000)
– Local measurement – Transparent system, difference between the
refractive index of the two phases
– Large number of images must be acquired to
construct the resulting size distribution
– Time consuming
Phase Doppler
interferometry
– Laser light wavelength – Drop size and one component
of drop velocity
– Unsuited to applications involving high
volume fractions of the dispersed phase
Laser backscattering
technique-focus beam
reflectance measurement
FBRM Lasentec
– Backscattered light – In situ and on line
measurement
– Chord length of detected particles
Optical reflectance
measurement (ORM) (Cull
et al., 2002)
– Laser beam through a lens, rotating
beam intercept a drop, the light is
scattered back
– In situ and on line
– Not limited by the dispersed
phase because laser beam
focused only at a short distance
away from the instrument
– Chord length
– Calibration
Light backscattering
Turbiscan on-Line (Buron
et al., 2004; Pizzino et al.,
2009)
– Measurement of the backscattered
intensity percentage
– No dilution
– High dispersed phase ratio
– Non intrusive
– Only the d32
– Knowing the dispersed phase volume
fraction to obtain the d32 (and inversely)
Acoustic attenuation
spectroscopy (Boscher
et al., 2009)
– Based on frequency –dependent
extinction of ultrasonic waves
arising from particles
– Droplet from 1mm to 3mm
– Concentrated systems
– On-line information: droplet
characteristics and volume
fraction of dispersed phase
– Difficulty to calibrate the system
Organics, Tween80 from Panreac, Glycerol and Toluene from Gaches
Chimie and PVA from Nippon Gohsei. Properties of the different
fluids are summed up in Table 2, where are also reported the density
and viscosity ratio (respectively, rd/rd and md/mc), and the equiva-
lent density of each system for a 0.25 dispersed phase concentration
in volume. The equivalent density is calculated as follows:
re ¼frdþð1ÿfÞrc ð1Þ
The amount of surfactant used for each system is also precised
in Table 2. These values are always higher than the critical
micellar concentration (CMC).
Viscosity measurements are carried out using an AR 2000
rheometer (TA Instruments).
2.2. Experimental rig and procedure
Fig. 1 shows pictures of one Sulzer SMV element. Each element
is made of 5 corrugated plates. The diameter and height of each
element is about 10 mm, which results in an aspect ratio H/DE1.
The diameter of each element D, the aspect ratio D/H (element
diameter/element length), the porosity e defined by expression
(2), the hydraulic diameter dh, and the crossbars thickness d are
given in Table 3
e¼
Vfree for liquid flow
Vapparent of the mixer
ð2Þ
The schematic diagram presented in Fig. 2 illustrates the
experimental rig used for emulsification experiments. It includes
two feed tanks for the two phases involved in each system. The
continuous phase feed tank is equipped with a mechanical stirrer
in order to dissolve the surfactant in water and to homogenize the
aqueous phase. Both phases are conveyed to the mixer thanks to
gear pumps. The two phases enter the vertical stainless steel pipe
containing the mixers through coaxial tubes. The dispersed phase
enters the mixer through the central tube of 4 mm inner dia-
meter. The mixer is made of 10 elements packed in the vertical
steel pipe with a 901 angle between each element.
All experiments are carried out at room temperature, i.e.
between 20 and 23 1C.
The pressure drop generated by the flow through the mixer is
measured with a differential pressure sensor (Rosemount). Mean
droplet size is measured on-line thanks to the On-line Turbiscan
which principle is explained further. The measurement cells of
the apparatus are located downstream the static mixer. A sam-
pling valve is also located at the mixers outlet.
The dispersed phase concentration in volume F is fixed thanks
to respective phases flowrates as follows:
f¼
Qd
QdþQc
¼
Qd
Qtot
ð3Þ
where Qd, Qc and Qtot are, respectively, the dispersed phase,
continuous phase and total volume flowrates.
Fig. 1. Pictures of one element of the SMV mixer used.
Table 3
Geometrical data of the SMV mixer.
D (mm) D/H e dh (mm) d (mm)
10 1 0.83 3.5 0.14
Table 2
Physico-chemical properties of fluids used.
System S1: Water/Tween80/Cyclohexane S2: Water/Tween80/Toluene S3: Water/PVA/Toluene S4: Water–Glycerol 25%m/PVA/Toluene
rc (kg m
ÿ3) 995 995 997 1051
rd (kg m
ÿ3) 770 870 870 870
re (kg m
ÿ3) 939 964 965 1006
rd/rc 0.77 0.87 0.87 0.83
mc (Pa s) 0.001 0.001 0.001 0.0021
md (Pa s) 0.00094 0.0059 0.00059 0.00059
md/mc 0.94 0.59 0.59 0.28
Surfactant concentration 1.5% in vol of the
continuous phase
1.5% in vol of the
continuous phase
0.07% in mass of the
dispersed phase
0.07% in mass of the
dispersed phase
2.3. Analytical aspects
2.3.1. Interfacial tension measurement
The interfacial tension evolution with time is measured in
the same range of the residence time in the mixer thanks to
the Kru¨ss DSA 100 tensiometer. The methodology and the raw
data treatments are detailed by Lobry et al. (submitted for
publication).
2.3.2. Droplet size measurement
The two analytical apparatuses used to measure mean droplet
sizes and droplet size distributions are the Mastersizer 2000
(Malvern) for off-line analysis and the On-line Turbiscan (For-
mulaction) for on-line analysis. The Mastersizer 2000 principle is
based on laser diffraction principle, and is frequently used for
droplet size distributions analysis. The On-line Turbiscan is based
on the principle of light backscattering. Its principle is described
in the literature (Buron et al., 2004; Pizzino et al., 2009).
The different advantages and drawbacks of each technique are
listed in Table 4. As they are based on different principles, these
two methods give complementary results. For example, the use of
the On-line Turbiscan allows to analyse on-line concentrated
liquid–liquid dispersions, by a non-destructive measurement.
The Mastersizer 2000 provides more information about the
distribution characteristics such as different characteristic dia-
meters and distribution width, whereas the On-line Turbiscan
only provides the d32 value. They both give d32 values, which
enables them to be compared.
3. Preliminary studies
3.1. Emulsions stability
The four tested Water/Surfactant/Oil systems exhibit a cream-
ing phenomenon. This phenomenon starts only few minutes after
emulsification. If creaming is a reversible phenomenon, it may
also be followed by some irreversible behaviour such as coales-
cence (Tadros and Vincent, 1983) or Ostwald ripening (Kalbanov
et al., 1990; Yarranton and Masliyah, 1997).
Fig. 3 illustrates the comparison between droplets size dis-
tributions obtained through laser diffraction analysis several
minutes after the experiment and about 24 hours after for the
Water/Tween80/Cyclohexane system (S1) at F¼0.25 and the
Water/PVA/Toluene system (S3) at F¼0.50. These distributions
are almost superimposed which reveals that whatever the dis-
persed phase concentration no irreversible phenomenon occurs
until F¼0.50. The same results are obtained for the two other
systems at F¼0.25. As a conclusion the four systems investigated
here are quite stable during at least 24 hours. The case of the
system S3 at F¼0.60 is described further.
3.2. Droplets size analysis
Fig. 4 is an optical microscopy picture of an emulsion sample
obtained during an experiment involving the Water/PVA/Toluene
system. Droplets are spherical and the diameters measured on the
picture ranges from 10 to 120 mm.
Every laser diffraction analysis on all systems lead to similar
droplet size distribution as the distribution presented in Fig. 3,
which is monomodal in log-normal representation. Distributions
are characterised through the mean diameters d32 which is called
the Sauter mean diameter defined by expression (4) and through
the span which quantifies the width of the distribution (5)
d32 ¼
Pn
i ¼ 1 nid
3
iPn
i ¼ 1 nid
2
i
ð4Þ
where ni is the number of droplets which sizes range from di to
diþ1
span¼
d90ÿd10
d50
ð5Þ
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Fig. 2. Schematic diagram of the experimental rig: F, flowmeter; P: differential pressure sensor; and S: Sampling valve.
Table 4
Advantages and drawbacks of both droplets size analyses devices used.
Advantages Drawbacks
Malvern Mastersizer 2000  Complete droplet size distribution:
d32, d50, d90, d10y
 Sample dilution
 Sampling
On-Line Turbiscan  On-line measurement
 Non-destructive measurement
 Concentrated system
 Only d32
The d90 which represents the highest diameter of 90% in
volume of the dispersed phase is also used to characterise
distributions.
d10 represents the highest diameter of 10% in volume of the
dispersed phase and d50 is the median diameter of the distribu-
tion i.e. the highest diameter of 50% in volume of the dispersed
phase. These two characteristic diameters are also directly
obtained from the laser diffraction analysis.
3.3. Comparison between d32 obtained with the Mastersizer 2000
(Malvern) and the On-line Turbiscan (formulation)
Fig. 5 compares d32 obtained with both analysis techniques for
a total flowrate of 400 L hÿ1 and a dispersed phase concentration
of 0.25 for all systems studied. The two different d32 values are in
quite good agreement for each system. In fact the discrepancy
between both values ranges from 3% to 15% whatever the system.
The d32 obtained from the On-line Turbiscan is either slightly
higher or lower than the d32 obtained by the off-line technique,
which is why no special tendency can be highlighted.
Thus the use of the On-line Turbiscan allows to validate results
obtained with the Mastersizer 2000 after sampling, dilution and
latency time before analysis.
Both techniques are also compared for the Water/PVA/Toluene
system at 400 L hÿ1 and three different dispersed phase concen-
trations (Fig. 6). The d32 values are in the same range with a
discrepancy ranging from 5% to 15%.
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Fig. 3. Comparison between droplets size distributions obtained for the experi-
ment carried out with (a) the Water/Tween80/Cyclohexane system (S1) at
Qtot¼500 L h
ÿ1 and F¼0.25 and with (b) the Water/PVA/Toluene system (S3) at
Qtot¼450 L h
ÿ1 and F¼0.50 just after the experiment and about 24 hours after
the experiment.
Fig. 4. Visualisation of droplets with the Nikon camera for the experiment carried
out with the Water/PVA/Toluene system (S3) at Qtot¼300 L h
ÿ1 and F¼0.50,
d32, Malvern¼59.0 mm.
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Fig. 6. Comparison between d32 obtained with both Malvern and On-line
Turbiscan for the Water/PVA/Toluene system (S3) for Qtot¼400 L h
ÿ1 and different
dispersed phase concentration F.
Whatever the system and the dispersed phase concentration
F, the d32 calculated thanks to the On-line Turbiscan measure-
ment are in good agreement with the values obtained from the
laser diffraction technique. The main advantage of the Turbiscan
is the ability to work directly on-line with high concentrated
system. The maximum dispersed phase ratio depends on the
studied system and generally cannot exceed 0.70.
4. Results and discussion
The tested operating conditions and the residence time ranges
in the static mixer tR are reported in Table 5. The residence time tR
is calculated thanks to the following equation:
tR ¼
Vfree for liquid flow
Qtot
¼
eVapparent of the mixer
Qtot
ð6Þ
The residence time is calculated taking into account the free
volume offered by the mixer to the flow, i.e. the void fraction of
the mixer (e¼0.83).
The influence of the dispersed phase concentration F on
droplets size is studied in the range of 0.10–0.60 in volume for
the Water/PVA/Toluene system (S3). The four systems are com-
pared at a fixed dispersed phase concentration F, equal to 0.25 in
volume. The systems S1 and S2, and the systems S3 and S4,
respectively, enable the influence of the dispersed phase density
and viscosity to be evaluated either by changing the dispersed
phase or by modifying the continuous phase physical properties.
From obtained results with the systems S2 and S3 the effect of the
surfactant can be highlighted.
The energy cost of the operation only depends on the power
required for pumping. To evaluate this parameter, the pressure
drop is measured as noticed in the previous section (cf. Section 2.2).
The pressure drop measurement allows to calculate the mean
energy dissipation rate per fluid mass unit em as follows:
em ¼
QDP
Vfree for liquid flowrc
¼
QDP
L pD
2
4 erc
ð7Þ
4.1. Pressure drop generated by the liquid–liquid flow through
the mixer
4.1.1. Effect of the dispersed phase concentration on the pressure
drop—experimental results
Fig. 7 represents the evolution of the pressure drop as a
function of the dispersed phase concentration for the Water/
PVA/Toluene system (S3) at four different flowrates. Whatever
the flowrate the pressure drop exhibits the same behaviour: it
decreases from F¼0.10 to F¼0.50 and raises suddenly at a
concentration close to 0.50–0.60. Moreover, the observation of
the sampling after creaming allows to identify three phases for
the emulsion obtained at 0.60; some aqueous phase at the
bottom, some emulsion in the middle and some toluene at the
top. We thus assume that the obtained system is not the expected
oil-in-water emulsion and tends to be more complex, like perhaps
multiple emulsions.
The pressure drop increase between F¼0.50 and F¼0.60 may
be due to a phase inversion phenomenon. The same pressure drop
evolution has already been reported in the literature in empty
pipes for two phases flow without surfactant (Ioannou et al.,
2005; De et al., 2010). The authors studied the phase inversion
phenomenon by acting on the dispersed phase ratio at constant
flowrate. As observed in the present study the pressure drop
slightly decreases when increasing the oil fraction (F¼0.20–
0.50), and then significantly increases over a small range of
dispersed phase concentration (F¼0.50–0.65). This sudden
increase of the pressure drop appears just before the phase
inversion phenomenon. Then the pressure drop decreases sud-
denly when the phase inversion phenomenon occurs. Finally the
pressure drop increases gradually up to the single phase oil value.
Phase inversion in motionless mixers has been studied
by Tidhar et al. (1986) in stainless steel or Teflon SMV mixers,
made of four elements. They worked with water/kerosene, water/
carbon tetrachloride (CCl4) and water/keroseneþCCl4 systems,
without surfactant. They noticed that whatever the mixer mate-
rial, phase inversion at high flowrate occurs around F¼0.50.
According to our observations and literature comparisons it
can be assumed that at F¼0.60 the phase inversion point is
almost reached. Additional studies would be interesting to com-
plete these results.
4.1.2. Modelling of the pressure drop in two phase flow
The pressure drop generated by single-phase flow in static
mixers has been widely studied and modelled. But it is not as well
documented concerning two-phase flows. In fact physical proper-
ties of such complex systems and especially the viscosity are not
easily assessable. Numerous references can be found concerning
the pressure drop generated by gas–liquid dispersions in static
mixers: Shah and Kale (1991, 1992a, 1992b) and Chandra and
Kale (1995) for the Kenics, Sulzer SMX and Komax static mixers,
Streiff (1977) for Sulzer static mixers; Turunen (1994) for SMV
static mixer; and Heyouni et al. (2002) for the Lightnin mixer.
However liquid–liquid dispersions are not much examined.
Table 5
Operating conditions for emulsification experiments.
System Dispersed phase
concentration F
Total flowrate
Qtot (L h
ÿ 1)
Residence
time (s)
S1: Water/Tween80/
Cyclohexane
0.25 274–550 0.04–0.08
S2: Water/Tween80/
Toluene
0.25 274–552 0.05–0.08
S3: Water/PVA/Toluene 0.10 273–553 0.04–0.08
0.25 197–552 0.04–0.11
0.40 202–550 0.04–0.10
0.50 203–399 0.05–0.10
0.60 278–452 0.04–0.08
S4: Water–Glycerol
25%m/PVA/Toluene
0.25 274–553 0.04–0.08
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Fig. 7. Evolution of the pressure drop with the dispersed phase concentration
F(%vol) at different flowrates for the Water/PVA/Toluene system (S3).
For liquid–liquid flows, ‘‘mixing’’ physical properties (density
and viscosity) of the systemmust be defined. Legrand et al. (2001)
have studied pressure drops in SMX static mixer by assuming the
static mixer as a porous media. They use the ‘‘mixing’’ density as
defined in the present paper and choose a viscosity model (Taylor,
1935) to calculate an apparent viscosity.
Different dimensionless numbers can be encountered to
represent the pressure drop generated by motionless mixers in
the open literature. Lemenand et al. (2005) who have investigated
the HEV static mixer define a Z factor corresponding to the
pressure drop ratio between the emulsion flow in static mixer
(HEV) and a single phase flow in a simple duct. They reported Z
factors ranging from 2 to 8 for dispersed phase concentration
ranging from 0 to 0.15 in volume, with a decreasing tendency
when increasing the dispersed phase concentration.
In the same way, the pressure drop generated by the liquid–
liquid flow in the SMV mixer used in this study DPliqÿ liq,SM is
compared to the pressure drop generated in single phase flow by
the continuous phase in an empty pipe DPmono,EP through a Z
factor as follows:
Z ¼
DPliq2liq,SM
DPmono,EP
where the DPmono,EP value is calculated thanks to the Blasius
equation.
The Z values obtained, respectively, for the system S3 at
different F values and for the four systems at F¼0.25 are
recapitulated in Tables 6 and 7.
The Z factors obtained in the present study are in the order of
about 120. This is much higher than the values reported by
Lemenand et al. (2005). This may be due to the more open design
of the HEV mixer that they used.
Another way of representing the pressure drop is the Fanning
friction factor f or the Newton number only valid for Newtonian fluids
(Shah and Kale, 1991, 1992a, 1992b; Streiff et al., 1997). This friction
factor or Newton number is correlated to the Reynolds number.
In this study, the pressure drop is expressed in terms of
friction factor f taking into account the geometric parameters of
the system: the porosity of the mixer e and the hydraulic
diameter of the static mixer dh
fh ¼
DPe2
2rV20
dh
L
ð8Þ
In Eq. (8), V0 is the flow velocity. The ratio V0/e is generally
called ‘‘interstitial velocity’’, and is used to characterise velocity in
porous media.
This friction factor is related to the hydraulic Reynolds number (9)
Reh ¼
reV0dh
em
ð9Þ
where the density is the equivalent density defined previously
(cf. Section 2.1) and the viscosity is the continuous phase viscosity.
Figs. 8 and 9, respectively, illustrate the evolution of the hydraulic
Fanning friction factor fh as a function of the hydraulic Reynolds
number Reh in the case of the Water/PVA/Toluene system (S3) with
different dispersed phase ratio and for the four systems at F¼0.25.
The Fanning friction factors fh is well represented towards the
hydraulic Reynolds number by a power law.
The obtained result is similar to the result exhibited in single
phase flow by Bohnet et al. (1990) and Li et al. (1997). The ÿ0.25
value of the Reynolds number exponent corresponds to the value
found in the Blasius correlation established for turbulent flow in
empty pipe.
This result indicates that the obtained emulsions apparent
viscosity can fairly be represented by the continuous phase one
even if the rheological behaviours of the systems investigated are
more complex.
4.2. Effect of physico-chemical parameters on d32: F, surfactant,
md/mc and rd/rc
4.2.1. Effect of F
The effect of F on the droplet size distribution is studied for the
Water/PVA/Toluene system (S3), for given operating conditions.
Droplet size distributions obtained at different dispersed phase
Table 6
Z factor for the system S3.
F 0.10 0.20 0.25 0.40 0.50 0.60
Z 122 120 118 117 113 132
Table 7
Z factor for the different systems at F¼0.25.
System S1 : Water/
Tween80/
Cyclohexane
S2: Water/
Tween80/
Toluene
S3 : Water/
PVA/
Toluene
S4: Water–Glycerol
25%m/PVA/Toluene
Z 107 115 118 132
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Fig. 8. Correlation of experimental results for the Water/PVA/Toluene system (S3) at different dispersed phase concentration F in volume.
concentrations for two different flowrates are presented in
Figs. 10 and 11. Tables 8 and 9 give the d32 and the span values
characterising these distributions.
The droplet size distributions are totally superimposed whatever
the dispersed phase ratio except for F¼0.60. Same result is
obtained whatever the total flowrate, Qtot. For given operating
conditions the d32 are in the same range whatever F (cf.
Tables 8 and 9). Only the span exhibits a significant increase at
F¼0.60. The dispersed phase concentration thus seems to have
little influence on the distribution obtained except at a 0.60
dispersed phase ratio. It is interesting to notice that the droplet
size distribution change in tendency is observed for F equal to 0.60,
as well as the pressure drop increase described in Section 4.1.1.
These results are totally different from results generally
observed in stirred tank where an increase of the dispersed phase
volume fraction leads to larger droplet size (Desnoyer et al., 2003;
Angle et al., 2006; Angle and Hamza, 2006) even when surfactants
are involved.
It seems that no coalescence occurs and that liquid–liquid
dispersion in static mixers is only controlled by the breakage
mechanism. In order to justify this hypothesis, the characteristic
times of the process, i.e. the residence time and the coalescence
time are compared.
The flow type must first be identified. So Kolmogoroff’s length
scale Z is calculated thanks to the following expression:
Z¼
u3c
em
 1=4
ð10Þ
where uc is the kinematic viscosity of the continuous phase and em
is the mean energy dissipation rate per fluid mass unit.
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Fig. 9. Correlation of experimental results for the four systems tested at F¼0.25.
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Fig. 10. Comparison between droplets size distributions obtained with different
dispersed phase concentration F for the Water/PVA/Toluene (S3) system for
Qtot¼350 L h
ÿ1 (see Table 8).
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Fig. 11. Comparison between the droplets size distributions obtained at different
dispersed phase concentration F for the Water/PVA/Toluene system (S3) for
Qtot¼450 L h
ÿ1 (see Table 9).
Table 8
d32 and span obtained for the different dispersed phase ratio for the Water/PVA/
Toluene system (S3) for Qtot¼350 L h
ÿ1.
F 0.10 0.20 0.25 0.40 0.50 0.60
d32 mm 61.8 52.3 54.4 46.7 59.6 55.5
span 1.1 1.2 1.1 1.2 1.2 1.9
Table 9
d32 and span obtained for the different dispersed phase ratio for the Water/PVA/
Toluene system (S3) for Qtot¼450 L h
ÿ1.
F 0.10 0.20 0.25 0.40 0.60
d32 mm 38.9 37.1 38.3 37.12 40.1
span 1.1 1.1 1.2 1.2 2.1
Table 10 gives Kolmogoroff’s length scale for the four systems.
Given that ZKod32odh the turbulent regime that takes place
in the static mixers studied is of inertial type.
The coalescence efficiency P is defined by the following
formula (Coulaloglou, 1975):
P¼ exp ÿ
tdrainage
tcontact
 
ð11Þ
For a non-deformable rigid sphere, the contact time tcontact is
estimated by the following expression (Levich, 1962) in turbulent
systems:
tcontact 
d2=3
e1=3m
ð12Þ
The drainage time is estimated by integrating the model
corresponding to the rigid drop of Chesters (1991) which gives
the interaction force F
F ¼
3pmCR
2
2h
ÿ
dh
dt
 
ð13Þ
where R is the radius of a droplet and h represents the film
thickness between two droplets.
For F constant, h is defined as follows:
h¼ h0 exp ÿ
t
tch
 
ð14Þ
where tch is the characteristic time defined by
tch ¼
3pmC
2F
ð15Þ
The drainage time corresponds to the time at which the critical
thickness hc is reached.
hc is given by
hc 
AR
8ps
 1=3
ð16Þ
where A is the Hamacker constant taken equal to 10ÿ20 J.
Consequently tdrainage is calculated by integrating the expres-
sion (14) with h¼hc and t¼tdrainage.
Table 11 sums up the different ranges of the calculated values
for each system.
The drainage time is always higher than the contact time.
Consequently, the coalescence probability is very low.
The dispersed phase concentration seems to have no influence
as long as the oil phase is totally dispersed as droplets in the
continuous phase. More experiments will be useful to precisely
determine if a phase inversion phenomenon occurs for higher
dispersed phase concentration than 0.50. In the following calcula-
tions and correlations data obtained at F¼0.60 are not included.
4.2.2. Effect of surfactant, md/mc and rd/rc
Fig. 12 illustrates the influence of surfactant, viscosity and
density ratio through the four different investigated systems on
droplet size distributions obtained at the same dispersed con-
centration (F¼0.25) and total flowrate (Qtot¼300 L h
ÿ1). Sauter
mean diameters as well as span characterizing these distributions
are recapitulated in Table 12.
Fig. 12 shows that whatever the continuous phase and dis-
persed phase, droplet sizes are smaller when the Tween80
surfactant is involved. Distributions obtained with PVA as the
surfactant present higher minimum and maximum diameters
than distributions obtained with Tween80. The distribution
obtained with Water–Glycerol (25% mass) as the continuous
phase is slightly shifted to larger sizes compared to the distribu-
tion obtained without glycerol.
The only difference between systems S2 and S3 is the surfac-
tant. This result indicates that the interfacial tension between
continuous and dispersed phase plays an important role in the
break-up phenomenon. For emulsification operations in classical
stirred tanks for example, the interfacial tension value considered
is the value at equilibrium. The interfacial tension at equilibrium
for each system is reported in Table 13. From Table 13 it appears
Table 10
Kolmogoroff’s length scale for the four systems.
System Kolmogoroff’s length scale Z (mm)
S1: Water/Tween80/Cyclohexane 5–8
S2: Water/Tween80/Toluene 5–8
S3: Water/PVA/Toluene 5–7
S4: Water–Glycerol 25%m/PVA/Toluene 8–12
Table 11
Comparison of different characteristic time of the liquid–liquid dispersion.
System Residence
time (s)
Characteristic
time tch (s)
Contact time
tcontact (s)
Drainage time
tdrainage (s)
tdrainage
tcontact
P
S1: Water/Tween80/Cyclohexane 0.04–0.08 1.8.10
ÿ4–3.10ÿ4 4.9.10ÿ5–2.3.10ÿ4 1.2.10ÿ3–2.2.10ÿ3 9.7–23.9 4.3.10ÿ11–6.2.10ÿ5
S2: Water/Tween80/Toluene 0.04–0.08 1.7.10
ÿ4–3.2.10ÿ4 5.10ÿ5–2.1.10ÿ4 1.2.10ÿ3–2.3.10ÿ3 11.2–23.8 4.5.10ÿ11–1.4.10ÿ5
S3: Water/PVA/Toluene 0.04–0.11 1.1.10
ÿ4–3.1.10ÿ4 7.5.10ÿ5–5.1.10ÿ4 8.0.10ÿ4–2.5.10ÿ3 4.9–10.6 2.4.10ÿ5–7.9.10ÿ3
S4: Water–Glycerol (25%m)/PVA/Toluene 0.04–0.08 9.6–10
ÿ5–2.2.10ÿ4 8.10ÿ5–2.5.10ÿ4 6.9.10ÿ4–1.7.10ÿ3 6.1–8.6 4.5.10ÿ11–1.4.10ÿ5
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Fig. 12. Comparison between droplets size distributions obtained with the four
systems tested at F¼0.25 and Qtot¼300 L h
ÿ1 (see Table 10).
Table 12
d32 and SPAN obtained for the four systems from experiments carried out at
Qtot¼300 L h
ÿ1 and F¼0.25.
System S1 : Water/
Tween80/
Cyclohexane
S2: Water/
Tween80/
Toluene
S3: Water/
PVA/
Toluene
S4: Water–Glycerol
(25%m)/PVA/
Toluene
d32 (mm) 45.0 46.9 59.8 72.1
Span 1.1 1.1 1.0 1.2
that the discrepancy between interfacial tension values at equili-
brium of systems S2 and S3 is too low to explain the discrepancy
between distributions obtained for these systems.
For both systems the surfactant concentration is higher than
the Critical Micellar Concentration (CMC). The break-up phenom-
enon in static mixer occurs during a very short time
(tr¼0.04ÿ0.11 s). The interfacial tension value between both
phases after the emulsification is thus not equal to the value at
equilibrium. So the interfacial tension between both phases
depends on the short time surfactant adsorption kinetics, which
depends on the surfactant properties. The interfacial tension
values at half the residence time in the mixer sm, i.e. the apparent
interfacial tension values for the operation considered, are
reported in Table 13 for each system at Qtot¼300 L h
ÿ1. The
methodology developed to acquire transient interfacial tension
values is detailed by Lobry et al. (submitted for publication).
The interfacial tension at equilibrium reached with the PVA
surfactant (S3) is lower than the value reached with the Tween80
surfactant (S2). However the sm value at times of the same order
as half the residence time in the mixer is lower for the Water/
Tween80/Toluene system (S2) compared to the value for the
Water/PVA/Toluene system (S3). This may be explained by the
higher molecular weight of the PVA that results in slower
diffusion times, whereas lower interfacial tension values at
equilibrium due to higher sterical crowding are reached with PVA.
The slight discrepancy between both distributions obtained
with Tween80 (systems S1 and S2) may be explained by the
measurement precision. For the two systems involving PVA
(systems S3 and S4), the discrepancy is more important, and
may thus be explained by the difference between viscosity and
density ratio. In fact, a decrease of both the rd/rc md/mc ratio
results in an increase of the maximum diameter, and thus in an
increase of the d32 and the span values.
4.3. Modelling of experimental results
4.3.1. Prediction of mean diameters: existing correlations
If there are many correlations in the literature that predict
mean diameters resulting from emulsification in static mixers,
only few of them have been established for the SMV mixer (cf.
Table 14). Most of these correlations are based on Kolmogoroff’s
theory of turbulence. This theory assumes a homogeneous and
isotropic turbulence flow field and enables the prediction of the
maximum stable droplets size as follows:
dmax ¼ K
s
rc
 0:6
eÿ0:4m ð17Þ
Kolmogoroff’s theory of turbulence was first proposed to predict
mean droplets size obtained in Kenics mixers by Middleman
(1974). From this expression he established a correlation defined
Table 13
Interfacial tension values without surfactant, at equilibrium, and at half the
residence time in the mixer for Qtot¼300 L h
ÿ1 (tr/2¼0.03 s) for the four systems.
System swithout surfactant
(mN mÿ1)
seq
(mN mÿ1)
sm
(mN mÿ1)
S1 : Water/Tween80/
Cyclohexane
47.0 3.0 14.3
S2: Water/Tween80/Toluene 36.0 7.0 13.8
S3: Water/PVA/Toluene 36.0 3.5 25.8
S4: Water–Glycerol (25%m)/
PVA/Toluene
30.0 4.7 25.7
Table 14
Model found in the literature to correlate the mean droplet diameter to different parameters (hydrodynamic, physical and dimensionless parameters).
Authors Static mixer design Characteristic
diameter
Correlation Flow regime
Middleman (1974) Kenics D d32
D
¼ KWeÿ0:6Re0:1
Turbulent
Streiff (1977) SMV Dh d32
Dh
¼ 0:21Weh
ÿ0:5Reh
0:15 Transient, turbulent
Chen and Libby (1978) Kenics D d32
D
¼ 1:14Weÿ0:75
md
mc
 0:18 Turbulent
Matsumura et al. (1981) Hi-mixer D d32
D
¼ KWeÿnc n¼ 0:5620:67
Turbulent
Al Taweel and Walker (1983) Lightnin Dh d32
Dh
¼ KWeÿ0:6fÿ0:4
Turbulent
Haas (1987) Kenics D d43
D
¼ 1:2Weÿ0:65Reÿ0:2
md
mc
 0:5
o
Laminar
Berkman and Calabrese (1988) Kenics D
d32
D
¼ 0:49Weÿ0:6 1þ1:38V
d32
D
 0:33 !0:6 Turbulent
Al Taweel and Chen (1996) Woven screen
d32 ¼ 0:682ðWe
ÿ0:859
jet j
0:875Þ
b
M
 0:833 Turbulent
Streiff et al. (1997) SMV, SMX, SMXL
d¼ Cnð1þKjÞ
ð1þBViÞWec
2
 0:6 s
rc
 0:6 rc
rd
 0:1
eÿ0:4
dmax ¼ 0:94
s
rc
 0:6
eÿ0:4
Legrand et al. (2001) SMX dp d32
dp
¼ 0:29Wep
ÿ0:2Rep
ÿ0:16 Laminar, transient and turbulent
Lemenand et al. (2001, 2003, 2005) HEV D d32
D
¼ 0:57Weÿ0:6
Turbulent
Das et al. (2005) SMX dp dmax
dp
¼ CWeÿ0:33p
Laminar, transient
Rama Rao et al. (2007) SMX D d43
D
¼ K 1:5j 1þ
md
mc
  0:5 Laminar
Hirschberg et al. (2009) SMX plus
d¼ Cnð1þKjÞ
ð1þBViÞWec
2
 0:6 s
rc
 0:6 rc
rd
 0:1
eÿ0:4
Turbulent
as a function of dimensionless numbers
d32
D
¼ KWeÿ0:6fÿ0:4 ð18Þ
where We is the Weber number that represents the ratio of
turbulent pressure fluctuations tending to deform and break up
the drop and the interfacial tension resisting to this deformation
defined as follows:
We¼
rV0D
s
ð19Þ
Assuming a Blasius like dependency of the friction factor
towards the Reynolds number (cf. Section 4.1.2) Eq. (18) can be
expressed in terms of Weber and Reynolds numbers
d32
D
¼ KWeÿ0:6Re0:1 ð20Þ
After Middleman (1974), many authors proposed correlations
based on Kolmogoroff’s turbulence theory to predict mean diameters.
Correlations recapitulated in Table 12 show that the Weber
number is the main parameter involved in the break-up phenom-
enon in static mixers. Some authors (Chen and Libby, 1978; Haas,
1987; Streiff et al., 1997; Rama Rao et al., 2007; Hirschberg et al.,
2009) also reported the influence of physico-chemical parameters
on the operation through densities or viscosities ratio.
If most of correlations enable the prediction of d32 values,
some authors established expressions to estimate d43 or dmax
values. For liquid–liquid dispersions the d32 values are preferred
as they are easier to determine experimentally and they are
usually employed for example for mass transfer issues. In fact it
is possible from d32 values to calculate the interfacial area A
(m2 mÿ3) developed by the dispersed phase as follows:
d32 ¼
6f
A
ð21Þ
4.3.2. Relationship between d32 and d90
The proportionality relationship between the Sauter mean
diameter d32 and the maximum diameter is often assumed. This
relationship is very important to use Kolmogoroff’s turbulence
theory that relates the maximum diameter to the mean energy
dissipation rate.
In order to check this relationship the d90 is used instead of the
dmax because it is measured with more confidence by the laser
diffraction used here.
Fig. 13 represents d90 versus d32 for the Water/PVA/Toluene (S3)
system at different flowrates and for a dispersed phase ratio F
ranging from 0.10 to 0.50. The d90/d32 ratio is constant and equal to 2.
Fig. 14 represents the evolution of d90 as a function of d32
for the four systems at F¼0.25. The proportionality coefficient
between d90 and d32 is constant and equal to about 2 for the four
systems.
As a conclusion d90 is quite proportional to d32 for the four
systems tested. So even if the proportionality is not strictly checked
between dmax and d32 these results allow to propose correlations
predicting Sauter mean diameters as characteristic diameters.
4.3.3. Relationship between d32 and mean energy dissipation rate
The relationship between experimental d32 and corresponding
mean energy dissipation rates per fluid mass unit em is evaluated
in order to discuss the validity of Kolmogoroff’s theory of
turbulence. Experimental data obtained with the Water/PVA/
Toluene system (S3) at different dispersed phase concentrations
are plotted in Fig. 15 and experimental data obtained with the
four systems at F¼0.25 are reported in Fig. 16.
For each data series the d32 are well linearly related to em
ÿ0.4 in
logarithmic representation. These values show that Kolmogoroff’s
theory of turbulence fits rather well with experimental data
whatever the dispersed phase concentration until phase inver-
sion. So this indicates that the turbulence flow field generated by
the SMV mixer is rather homogeneous and isotropic even if some
slight discrepancies can be noticed, especially for the systems S1
and S2. It can be assumed that the break-up conditions are not
completely of ‘‘Kolmogoroff’’ type, i.e. governed by the smallest
eddies size. It is also possible that a ‘‘jet effect’’ due to the
dispersed phase introduction through the centre of the mixer
influences the break-up mechanism a little and especially at high
dispersed phase concentration. In fact in the tested conditions
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Fig. 13. d90 as a function of d32 for the Water/PVA/Toluene system (S3).
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Fig. 14. d90 as a function of d32 for the four systems at F¼0.25.
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Fig. 15. Sauter mean diameters as a function of mean energy dissipation rate per
fluid mass unit for the Water/PVA/Toluene system (S3) at different dispersed phase
concentration F.
the ratio of the dispersed phase velocity to the continuous phase
velocity ranges from 0.7 to 6.3 when the dispersed phase concen-
tration increases.
Fig. 16 also enables comparison of the influence of surfactant as
well as viscosity and density ratios on d32. This comparison is more
relevant than that proposed in Section 4.2.2 as it takes into account
the energy consumption of the operation. Fig. 16 shows that mean
droplet sizes are lower when the Tween80 is involved. Moreover for
the two systems involving PVA, d32 are lower when rd/rc as well as
md/mc increase. Thus as highlighted in Section 4.2.2 the interfacial
tension between both phases is the most important physico-chemical
parameter on the break-up phenomenon. Moreover, the density and
viscosity ratios have little influence on the result of the operation.
4.3.4. Correlation of experimental data as a function of
dimensionless numbers
Assuming Kolmogoroff’s theory of turbulence and the Blasius
type dependence of the Fanning friction factor towards the
Reynolds number, experimental Sauter diameters of the present
study are correlated as a function of hydraulic Weber and
Reynolds numbers as proposed by Middleman (1974)
d32
dh
¼ KWeh
ÿ0:6Re0:1h ð22Þ
where the hydraulic Weber number Weh is calculated as follows:
Weh ¼
rV0Dh
es
ð23Þ
In order to calculate the hydraulic Weber number according to
Eq. (23) the interfacial tension between both phases is calculated
according to a phenomenological model (Lobry et al., submitted
for publication) at a time corresponding to half the residence time
in the mixer.
Figs. 17 and 18 show that except for the Water/PVA/Toluene
system (S3) at F¼0.60 the results fit well with Eq. (22). d32
obtained with the four different systems are also well predicted
through the correlation proposed by Middleman. The K values
obtained for systems involving the same surfactant (S1 and S2, S3
and S4) are similar: respectively, 0.35 and 0.31 for the systems
with Tween80, and, respectively, 0.24 and 0.26 for the systems S3
with PVA. So it appears that the K value mainly depends on the
surfactant used.
Moreover the comparison between systems S3 and S4 under
similar hydrodynamic conditions points out that larger mean
droplet sizes are obtained with the system S4. This may be due to
the viscosity ratio difference between both systems.
5. Conclusion
From an analytical point of view, a good agreement is obtained
for both analytical techniques employed for all the systems and
the dispersed phase concentrations investigated. The On-line
Turbiscan allows to measure with enough accuracy the mean
droplet size and the influence of different operating parameters
on the mean droplet size could be directly studied despite the
high dispersed phase concentration conditions.
Contrary to previous works which consider the interfacial
tension value at equilibrium, the dimensionless hydraulic Weber
number Weh used in our correlation is calculated by using half the
residence time in the mixer. So it better represents the result of
the break-up phenomenon in static mixers.
The pressure drop for two-phase flow is modelled. For the four
systems a correlation based on the Blasius law established for
single phase flow fits well with experimental results whatever the
dispersed phase concentration.
The effect of the dispersed phase concentration was investi-
gated for the Water/PVA/Toluene system (S3). It seems that until
F¼0.60 the dispersed phase concentration has no effect on the
mean diameter. At F¼0.60 the distribution is larger and the
system is more complex than the classical oil in water system
obtained at lower dispersed phase concentrations. Moreover from
F¼0.60 the pressure drop increases. It is thus assumed that a
phase inversion phenomenon would occur for a dispersed phase
concentration slightly higher than 0.60.
The relationship between Sauter mean diameters and the
mean energy dissipation rate per fluid mass unit enables the
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Fig. 17. Correlation of experimental data through Middleman’s correlation for the
Water/PVA/Toluene system (S3).
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Fig. 16. Sauter mean diameters as a function of mean energy dissipation rate per
fluid mass unit for the four systems tested with F¼0.25.
conclusion that Kolmogoroff’s theory of isotropic turbulence is
verified for all the tested operating conditions until F¼0.50.
Based on these observations the experimental results can
be modelled by using Middleman’s correlations under turbulent
flow which takes into account two dimensionless numbers, the
hydraulic Reynolds number Reh and the hydraulic Weber number
Weh in which the interfacial tension value is expressed at half the
residence time in the mixer. It is the nature of the surfactant
which controls the mean droplet size.
Finally, this work demonstrates the low effect of the dispersed
phase concentration until the system becomes more complex and
approaches the phase inversion phenomenon. It appears that the
main physico-chemical parameter which controls the break-up
phenomenon in static mixers is the nature of the surfactant and
especially its diffusion kinetics. The correlation to predict the
mean droplet size through dimensionless parameters is improved
here by taking into account the interfacial tension value at a time
of the order of the residence time in the mixer.
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